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ABSTRACT
We revisit a recent solution to the flavour hierarchy problem based on the paradigm that Yukawa
couplings are, rather than fundamental constants, effective low energy couplings radiatively
generated by interactions in a hidden sector of the theory. In the present paper we show
that the setup required by this scenario can be set by gauge invariance alone, provided that
the Standard Model gauge group be extended to the left-right symmetric group of SU(2)L ×
SU(2)R×U(1)Y . The simplest scheme in which Yukawa couplings are forbidden at the tree-level
organises the right-handed fermions into doublets and presents an additional Higgs SU(2)R
doublet, responsible for the spontaneous breaking of the SU(2)R gauge sector. The flavour
and chiral symmetry breaking induced by the SU(2)R breaking is transferred at the one-loop
level to the Standard Model via the dynamics of the hidden sector, which effectively regulates
the spread of the effective Yukawa couplings. The emerging left-right symmetric framework
recovers additional appealing features typical of these models, allowing for instance to identify
the hypercharges of the involved fermions with their B−L charges and offering a straightforward
solution to the strong CP problem. The scheme gives rise to a distinguishing phenomenology
that potentially can be tested at the LHC and future colliders through the same interactions that
result in the radiative generation of Yukawa couplings, as well as by exploiting the properties
of the additional SU(2)R Higgs doublet.
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1 Introduction
The gauge structure of the Standard Model (SM) requires the presence of Yukawa couplings
between the Higgs doublet and fermions to ensure the gauge invariance and renormalizability
of the fermion mass generation mechanism. The recent discovery at the LHC of a Higgs boson
[1] with properties well in agreement with the SM expectations has demonstrated that the
Higgs mechanism [2] for the electroweak and chiral symmetry breaking is realised in Nature
and, coincidently, strengthened our belief in the fundamental nature of SM Yukawa couplings.
However, unlike the case of gauge interactions, these quantities are not connected with any
symmetry principle and their observed values at low energy seem to obey no scheme. More in
detail, the unusual span of the Yukawa couplings, reflected in the large differences measured
amongst the masses of fundamental fermions, remains one of the few unknown aspects of
the SM and poses the so-called flavour hierarchy puzzle. In absence of a proven mechanism to
legitimate the fundamental nature of Yukawa couplings, it is therefore mandatory to investigate
the flavour hierarchy problem within a broad set of frameworks, including also constructions
which propose an effective origin of these parameters. The most popular approach in this
direction is probably that of Froggat and Nielsen [3]. The scheme is based on a U(1)F global
symmetry associated to the existence of flavour symmetric non-renormalizable local operators
with very high dimensionality, that involve large powers of scalar flavon fields. Although the
mechanism can elegantly explain the hierarchy of Yukawa couplings in terms of higher powers
of the flavons vacuum expectation values (VEVs), it is still not clear what kind of underlying
physics can be responsible for the generation of such operators and whether the scheme is
actually testable.
In alternative to that, a more recent solution [4] introduced a new mechanism which produces
exponentially spread effective Yukawa couplings at low energy owing to the dynamics of a hidden
sector. Such mechanism is based on the hypothesis that Yukawa couplings, which vanish
at the tree-level by requirement of a new Z2 symmetry, are radiatively generated after the
spontaneous symmetry breaking (SSB) of the latter. Given that the theory is renormalizable,
the loop diagrams behind the Yukawa coupling generation are necessarily finite at any order
in perturbation theory and the scheme is thus predictive. In the model proposed in [4], the
main source of chiral and flavour symmetry breaking is identified with the Dirac masses of dark
fermions: replicas of SM fermions which are singlet under the gauge group of the latter. The
chiral and flavour symmetry breaking is then communicated at the 1-loop level by a set of scalar
messenger fields, which carry here the same quantum numbers of squarks and sleptons from
supersymmetric extensions of the SM. The dark fermions, together with the scalar messangers,
form the hidden sector of the theory, the purpose of which is to induce and transmit the chiral
symmetry breaking to the SM. In this regard, notice that the choice of a mechanism to forbid
the presence of Yukawa couplings at the tree level in such a framework is indeed not unique.
Furthermore, other setups for the hidden sector can successfully accomplish and transfer the
necessary symmetry breaking, as shown for instance in [5, 6], within the context of neutrino
physics in [7] and in [8] within a new supersymmetric scenario.
Fascinated by the idea of an effective origin of Yukawa couplings, in the present paper we
adopt the setup of [4] as a prototypal hidden sector and show that Yukawa couplings can be
elegantly forbidden at the tree level by gauge symmetry solely, by extending the SM gauge
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group to the simplest realization of the left-right (LR) symmetric group SU(2)L × SU(2)R ×
U(1)Y . More in detail, we consider in our scheme a Higgs sector composed by a new SU(2)R
Higgs doublet in addition to the usual SM-like SU(2)L SM Higgs field. The vanishing of tree
level Yukawa couplings is then guaranteed by the absence of Higgs fields in the bi-doublet
representation of the LR group, typically included in this kind of model [9, 10, 11, 12, 13,
14, 15, 16] precisely to have fundamental gauge-invariant Yukawa couplings. In this simple
setup, the generation of Yukawa couplings necessarily involves higher dimensional operators;
the lowest-order gauge-invariant suitable ones that we identify are
OYf =
1
Λfeff
(ψ¯fLHL)(H
†
Rψ
f
R) + h.c. , (1)
where (ψfL)HL and (ψ
f
R)HR are the (fermions) Higgs doublets of the SU(2)L and SU(2)R sectors
respectively, and Λfeff is the corresponding effective scale computed from the fundamental theory.
After the SSB of SU(2)R, operated by the HR doublet, the Yukawa operators arise from Eq. (1)
through the substitution HR → vR/
√
2, and the generated SM Yukawa coupling Yf of a generic
fermion f is given by
Yf ∼
(
MfvR
m¯2
)
× loop−function . (2)
Here the parameters m¯ and Mf are related to the masses of the particles from the hidden sector
that run in the loop and completely determine the emerging Yukawa couplings.
The focus of the present paper is on the simple LR symmetric scheme proposed, identified
here as an ideal embedding for hidden sectors dedicated to the radiative generation of Yukawa
couplings. The purpose of our investigation is to provide analytic expressions for the properties
of the new gauge bosons and assess the phenomenological viability of the framework, indepen-
dently of the details of the hidden sector. In our analysis we find that all the SM observables
of the EW sector are affected by corrections of order O((vL/vR)2), being vL and vR the VEVs
of the corresponding Higgs fields, which are completely negligible in light of the latest collider
bounds on additional massive gauge bosons. Interestingly, such corrections are also in line with
the hidden sector proposed in [4], for which the VEV of the right-handed (RH) Higgs doublet
is naturally well above the 10 TeV scale. Furthermore, in spite of the atypical configuration
adopted for the Higgs sector, we find that our scenario still exhibits the typical welcomed fea-
tures of LR symmetric models. For instance, as we will show below, our scheme allows for the
identification of the hypercharge gauge group with the B − L one. On top of that, the strong
CP problem can also be solved in remarkably straightforward way [17] owing to the natural
cancellation of the relevant CP violating phase which enters the determinant of fermion mass
matrices [18]. The introducing of an ad-hoc U(1) Peccei-Quinn symmetry [19] and the related
axion field [20, 21] is therefore unnecessary.
The paper is organized as follows: in section II we present the results for the SM extended
gauge sector and detail the symmetry breaking mechanism. The adopted Higgs sector is dis-
cussed in isolation in section III, whereas in section IV we analyze the radiative generation of
Yukawa couplings in the setup of [4]. More details on this point and sketches of other suitable
hidden sectors are presented in the Appendix. In section V we discuss some phenomenological
aspects of the model and finally report our conclusions in section VI.
3
2 The gauge sector
We consider a framework based on the SU(2)L × SU(2)R × U(1)Y symmetry group. The SM
particle content is then extended to the RH Higgs boson doublet HR and the RH fields are
organised in doublets in the same fashion as the left-handed (LH) ones. In particular, the
hypercharges of RH doublets are set to the corresponding LH values and we impose that the
SU(2) couplings of the two chiral sectors obey gL = gR = g in order to respect the left-
right symmetry. As we show below, this setup reproduces the EWSB sector of the SM up to
corrections of order (vL/vR)
2.
The Lagrangian responsible for the gauge symmetry breaking contains the following terms
L ⊃ (DµHR)†(DµHR) = (H∗uR, H∗dR)
∣∣∣[g∑i τ i2 W iRµ + g′Y Bµ]∣∣∣2(HuRHdR
)
, (3)
where τ i, i = {1, 2, 3}, are the SU(2)R generators and Y the hypercharge operator. After both
the SU(2)L/R symmetry breaking, arising from the VEVs of the Higgs fields〈
HL/R
〉→ ( 0
vL/R/
√
2
)
, (4)
the Lagrangian for the mass term of the gauge sector reduces to
L ⊃ g
2
4
(
v2RW
±†
R W
±
R + v
2
LW
±†
L W
±
L
)
+
v2R
8
[
gW 3R − g′B
]2
+
v2L
8
[
gW 3L − g′B
]2
, (5)
where saturated Lorentz indices are left understood. The squared masses of the charged gauge
bosons W±L and W
±
R , associated to the SU(2)L and SU(2)R gauge group respectively, are given
by
M2WL,R =
g2v2L,R
4
. (6)
In the neutral gauge boson sector, the above Lagrangian gives rise to the following squared
mass matrix
M2 =
1
8
(v2L + v2R)g′2 −v2Lgg′ −v2Rgg′−v2Lgg′ v2Lg2 0
−v2Rgg′ 0 −v2Rg2
 (7)
on the basis (B,W 3L,W
3
R)
T .
In line with the latest results of collider experiments, we require throughout the paper the
VEV hierarchy vR  vL. This allows us to analyse the mass eigenstates and eigenvectors of
the neutral gauge boson mass matrix in Eq. (7) by retaining only the leading corrections in the
vL/vR expansion.
By defining (A,ZL, ZR) the basis where the matrix M
2 is diagonal, we find, up to terms of
order O((vL/vR)2), that
MA = 0, (8)
M2ZL =
(g4 + 2g′2g2)v2L
4(g′2 + g2)
, (9)
M2ZR =
(v2L + v
2
R)g
′4 + 2g′2g2v2R + g
4v2R
4(g′2 + g2)
, (10)
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with the corresponding eigenstates
Aµ =
gBµ + g
′(W 3Lµ +W
3
Rµ)√
2g′2 + g2
, (11)
ZLµ =
g′2(W 3Lµ −W 3Rµ)− gg′Bµ + g2W 3Lµ√
2g′4 + 3g2g′2 + g4
, (12)
ZRµ =
gW 3Rµ − g′Bµ√
g′2 + g2
. (13)
As we can see, the massless state Aµ corresponds to the standard photon field, whereas the
heavy neutral gauge bosons ZL and ZR are to be identified with the usual Z
0 of the SM and
its new counterpart associated to the SU(2)R group.
In the considered limit, the inverse relations are
Bµ =
gAµ√
2g′2 + g2
− g
′ZRµ√
g′2 + g2
− g
′gZLµ√
2g′4 + 3g′2g2 + g4
, (14)
W 3Lµ =
g′Aµ√
2g′2 + g2
+
ZLµ (g
′2 + g2)√
2g′4 + 3g′2g2 + g4
, (15)
W 3Rµ =
g′Aµ√
2g′2 + g2
+
gZRµ√
g′2 + g2
− g
′2ZLµ√
g4 + 3g2g′2 + 2g′4
, (16)
which we can use to rewrite the Lagrangian in terms of the fields corresponding to the mass
eigenstates. Considering the covariant derivative that acts on a generic Dirac fermion Ψ =
ΨL + ΨR, we obtain
L ⊃ Ψ¯L DΨL + Ψ¯R DΨR ⊃ iΨ¯L
(
g
W 3LI
3
L + g
′
 BY
)
ΨL + (L↔ R) = (17)
= iΨ¯L
[
g′g√
2g′2 + g2
(I3L + Y ) A+
g [g′2(I3L − Y ) + g2I3L]√
(g′2 + g2) (2g′2 + g2)
ZL −
g′2√
g′2 + g2
YZR
]
ΨL (18)
+ iΨ¯R
[
g′g√
2g′2 + g2
(I3R + Y ) A−
gg′2(I3R + Y )√
(g′2 + g2) (2g′2 + g2)
ZL +
g2I3R − g′2Y√
g′2 + g2 
ZR
]
ΨR. (19)
By analysing the coupling of photons to the chiral L/R multiplets we can identify
QL/R = I
L/R
3 + Y, (20)
e =
g′g√
2g′2 + g2
= g sin θW = g
′√cos 2θW , (21)
and remark that there is no way to test the above rightmost equality because g′ is not measured,
although in principle this could discriminate between the current framework and that of the
SM, where e = g′ cos θSMW . Notice also that the requirement QL = QR forces the LH and RH
components of a given field to have the same hypercharge, namely Y (ΨL) = Y (ΨR), and the
general relation between the charge Q and hypercharge Y operators becomes
Q = IL3 + I
R
3 + Y , (22)
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with IL3 (ΨR) = I
R
3 (ΨL) = 0. We can then rewrite the interacting Lagrangian of neutral currents
as
LNC = ieQΨ
[
Ψ¯ AΨ
]
+ i
g
cos θW
[
Ψ¯ZL
(
I3Ψ PL− sin2 θWQ
)
Ψ
]
(23)
+ ig
√
cos 2θW
cos θW
[
Ψ¯ZR
(
I3Ψ PR−
sin2 θW
cos 2θW
(QΨ − I3Ψ)
)
Ψ
]
+O((vL/vR)2) ,
where PL = (1− γ5)/2, PR = (1 + γ5)/2 and the third component of the Isospin operator I3Ψ is
now acting on the SU(2) multiplet Ψ.
Notice that by writing explicitly the hypercharge assignments of the fermions in the present
framework, reported in Table 1, we can identify these quantities with the B −L charges of the
involved fields and write
Y ≡ B − L
2
, (24)
where we used the fact that the baryon number of a quark is 1/3 whereas the lepton number
of a lepton is 1. This is a generic feature of LR frameworks which nicely explains the lack of
anomalies in the accidental U(1)B−L symmetry of the SM.
Field I3X Y Q = I3 + Y
uL 1/2 1/6 2/3
dL -1/2 1/6 -1/3
uR 1/2 1/6 2/3
dR -1/2 1/6 -1/3
eL -1/2 -1/2 -1
νL 1/2 -1/2 0
eR -1/2 -1/2 -1
νR 1/2 -1/2 0
Table 1: Hypercharge and I3X , X = L,R, assignments of the SM fermions in the present
framework.
3 Higgs Sector
The Lagrangian for the Higgs sector of the theory is
L ⊃ LH = (DµHL)(DµHL)† + (DµHR)(DµHR)† − λL(HLH†L)2 − λR(HRH†R)2 (25)
− λLR(HRH†R)(HLH†L) + µ2L(HLH†L) + µ2R(HRH†R) ,
where HL,R are the corresponding SU(2)L,R doublets. The coefficients of the quartic and
portal terms have been chosen in a way that, after both SU(2)L,R symmetry breaking, the
corresponding interaction terms are normalised by a factor of 1/4:
LH → 1
2
(∂µhL)(∂
µhL)
† +
1
2
(∂µhR)(∂
µhR)
† − 1
4
λL(hL + vL)
4 (26)
− 1
4
λR(hR + vR)
4 − 1
4
λLR(hR + vR)
2(hL + vL)
2 +
1
2
µ2L(hL + vL)
2 +
1
2
µ2R(hR + vR)
2 .
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In the following we will consider a minimal model in which the SU(2)L symmetry breaking
arises from the spontaneous SU(2)R breaking via a (negative) portal coupling λLR. We then
retain a (negative) tree-level mass term for the RH Higgs doublet, µ2R > 0 but set µ
2
L = 0. The
emerging scenario therefore capture the gist of scale invariant extension of the model, in which
µ2R > 0 is generated for instance through the Coleman-Weinberg mechanism.
3.1 Positivity of the scalar potential
As far as the stability of the potential in the Higgs sector is concerned, the negative mass term
of HR has a negligible effect compared to the other terms in the potential once large values of
the fields are assumed. Therefore, the positivity of the potential will depend only on the quartic
and portal couplings, exactly as in a simplified version of the 2HDM where only λi≤3 6= 0 [22].
Hence, by a direct comparison with Eq.s (98) and (176) of Ref.[22], we have that the potential
is bounded from below if
λL,R ≥ 0,
λLR ≥ −2
√
λLλR . (27)
3.2 Minimisation conditions and mass eigenstates
The minimum of the potential is obtained as usual by requiring that the gradient of potential
vanish for HL/R = vL/R/
√
2 or, analogously, by setting the gradient of the manifestly broken
potential to vanish for hX = 0. Explicitly
∇V (hL, hR)
∣∣∣
hX=0
= 0 =⇒ vL = vR = 0 ∨

λLv
2
L +
1
2
λLRv
2
R = 0
λRv
2
R +
1
2
λLRv
2
L − µ2R = 0
, (28)
where the vL = vR = 0 solution corresponds to the local maximum of the potential. Notice
that, the usual breaking relation for the right sector, vR = µ
2
R/λR, is correctly recovered for
λLR = 0. Focusing on nonzero values of the VEVs we obtain
v2L = −
λLR
2λL
v2R = 0 =⇒ vL ∈ R⇐⇒ λLR < 0,
v2R
(
λR − λ
2
LR
4λL
)
= µ2R =⇒ vR ∈ R⇐⇒ 2
√
λLλR > λLR > −2
√
λLλR,
(29)
with the second condition being actually stronger than the one imposed by the positivity of
the potential. Therefore, the conditions for the consistency of the model are summarised in{
−2√λLλR < λLR < 0,
λL,R ≥ 0 .
The first condition implies, through the top relation in Eq. (29), the following hierarchy in the
VEVs
v2L
v2R
<
√
λR
λL
. (30)
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To obtain the mass matrix for the two Higgs fields we compute the second derivative of the
potential after the symmetry breaking, evaluated for vanishing values of the fields, obtaining
M2 = 2v2R
(
λL
2 −λL3
−λL3 λR
)
, (31)
where we defined  := vL/vR and used
λLR = −2λL
(
vL
vR
)2
; µ2R =
λRv
4
R − λLv4L
v2R
, (32)
which can be derived from Eq. (29). Notice that, by imposing the positivity of the determinant
of M2, one recovers the condition in Eq. (30). Notice also that the off diagonal terms in the
above matrix are of higher order than the diagonal ones, hence at the lowest order in the limit
vL/vR  1 the eigenvalues coincide with the diagonal elements and the above condition on the
squared ratio of the VEVs translates into
m21 <
√
λL
λR
m22 . (33)
By considering higher order terms in the  expansion, we have
m21 = 2λL
2v2R
(
1− λL
λR
4
)
+O(8), (34)
m22 = 2λRv
2
R
(
1 +
λ2L
λ2R
6
)
+O(8), (35)
which can be obtained by diagonalising the original mass matrix with the following mixing
matrix
U =
 1−
λ2L
6 (2λL
2 + λR)
2λ3R
−λL
3 (−λ2L4 + 2λLλR2 + 2λ2R)
2λ3R
λL
3 (−λ2L4 + 2λLλR2 + 2λ2R)
2λ3R
1− λ
2
L
6 (2λL
2 + λR)
2λ3R
 , (36)
satisfying
UT M2 U = diag(m21,m
2
2) +O(8); lim
→0
U = I; UT U = U UT = I+O(9) . (37)
The expression for the original gauge eigenstates in term of the mass eigenstates can therefore
be obtained as (
hL
hR
)
= U
(
h1
h2
)
, (38)
and, at the lowest order, we have hL ≈ h1, hR ≈ h2.
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4 Radiative Yukawa couplings
As made clear in the Introduction, the radiative generation of Yukawa couplings requires a
hidden sector of the theory to source the chiral symmetry breaking. As a first example, we
adopt here the setup originally proposed in [4], consisting in a set of dark massive Dirac fermions
singlet under the SU(2)L×SU(2)R×U(1)Y group, but charged under an unbroken U(1)F gauge
interaction. We then make use of a non-perturbative mechanism, based on the solution of the
gap-equation via the Nambu-Jona-Lasion mechanism [24], to generate the exponential spread in
the dark fermion mass splitting [23, 28]. This requires the existence of a a higher derivative term
in the pure U(1)F gauge sector, which can be associated to the presence of a massive Lee-Wick
ghost in the spectrum [25, 26]. The chiral symmetry breaking in the hidden sector, encoded
in the dark-fermion masses, is finally transmitted to the SM through a set of scalar messenger
fields which interact with both the dark and SM particles. Gauge invariance of such couplings
forces the messenger fields to carry the same quantum numbers as squarks and sleptons of the
SM supersymmetric extensions, leading to interesting phenomenological implications at the
LHC and future e+e− linear colliders investigated for instance in [28].
To embed the mechanism of [4] in our framework, we separate the full Lagrangian into four
sectors
L = LY=0ESM + LDS + LMS + LV H , (39)
being now LY=0ESM the LR symmetric SM Lagrangian with vanishing tree-level Yukawa couplings,
LDS the hidden sector Lagrangian containing the dark-fermions interactions and LMS describing
the scalar messenger sector with the relative interactions involving SM fermion fields, gauge
fields and dark fields. Finally, LV H contains the potential for the Higgs fields, which operate
the SU(2)L × SU(2)R symmetry breaking. Further details regarding the LDS Lagrangian and
the U(1)F gauge sector are presented in [4] and in the Appendix, which contains examples of
non-perturbative dynamics that result in the desired dark-fermion spectrum.
4.1 The messenger sector
The LMS Lagrangian in Eq. (39) includes here a set of new messenger doublets transforming
under the SU(2)R and can be split into two terms
LMS = L0MS + LIMS , (40)
where L0MS contains the kinetic terms of the messenger fields, comprehensive of the interactions
with the SM gauge fields, while LIMS provides the messenger interactions with SM fermions, dark
fermions, and the Higgs boson, which are responsible for the radiative generation of Yukawa
couplings.
The quarks quantum numbers set the minimal matter content needed for the colored mes-
senger scalar sector, which in the case of the SU(2)L × SU(2)R × U(1)Y gauge group is given
by
• 2N complex scalar SU(2)L doublets: SˆUiL and SˆDiL ,
9
Fields Spin SU(2)L SU(2)R U(1)Y SU(3)c U(1)F
Sˆ
Di
L 0 1/2 0 1/3 3 -qDi
Sˆ
Ui
L 0 1/2 0 1/3 3 -qUi
Sˆ
Di
R 0 0 1/2 1/3 3 -qDi
Sˆ
Ui
R 0 0 1/2 1/3 3 -qUi
QDi 1/2 0 0 0 0 qDi
QUi 1/2 0 0 0 0 qUi
Table 2: Spin and gauge quantum numbers of the strongly interacting messenger fields and
corresponding dark fermions. U(1)F is the gauge symmetry associated to the dark photon of
the hidden sector.
• 2N complex scalar SU(2)R doublets: SˆUiR and SˆDiR ,
where Sˆ
Ui,Di
A =
(
S
Ui,Di
A,1
S
Ui,Di
A,2
)
, with A = {L,R}, N = 3 and i = 1, 2, 3 stands for a family
index. The L,R labels identify here the messengers which couple to the L,R chirality structure
of the associated SM fermions (in the same fashion as for the squark fields in supersymmetric
theories). The Sˆ
Ui,Di
L,R , fields carry the SM quark quantum numbers corresponding to the same
chirality L,R of SM fermions and interact with the electroweak gauge bosons and gluons via
their covariant derivatives. As minimal flavour violation hypothesis requires this Lagrangian
be invariant under SU(NF ), where NF is the number of flavours, we can reduce the messenger
mass sector to 4 different universal mass terms in both the Sˆ
Ui
L,R and Sˆ
Di
L,R sectors. Notice that
the alternative minimal hypothesis presenting a common scalar mass for the L and R scalar
sector is also phenomenologically acceptable.
We do not report here the expression for the interaction Lagrangian of the messenger fields
with the SM gauge bosons, which follow from the universal properties of gauge interactions.
Notice that each messenger field is also charged under U(1)F and carries the same U(1)F charge
as the associated dark fermion, hence U(1)F charges identify the flavour state. A summary of
the relevant quantum numbers of the new strongly-interacting (according to QCD) fermion and
scalar fields can be found in Table 2.
In order to generate radiative Yukawa couplings which are gauge invariant under all inter-
actions, we take the following expression for the LIMS Lagrangian
LIMS = gˆL
(
N∑
i=1
[
q¯iLQ
Ui
R
]
Sˆ
Ui
L +
N∑
i=1
[
q¯iLQ
Di
R
]
SˆDiL
)
+ gˆR
(
N∑
i=1
[
q¯iRQ
Ui
L
]
Sˆ
Ui
R +
N∑
i=1
[
q¯iRQ
Di
L
]
Sˆ
Di
R
)
+ λ
N∑
i=1
(
H˜†LSˆ
Ui
L Sˆ
Ui†
R H˜R +H
†
LSˆ
Di
L Sˆ
Di†
R HR
)
+ h.c. , (41)
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where contractions with color and SU(2)L,R indices are left understood. The SU(2)L,R doublets
qiL,R =
(
U iL,R
DiL,R
)
represent here the SM up (U) and down (D) quark fields, HL,R =
(
H±L,R
H0L,R
)
are the Higgs doublet and H˜L,R are defined as H˜L,R = iσ2H
?
L,R. Notice that the above interacting
Lagrangian gives rise to diagonal Yukawa couplings in the weak interaction basis for both up
and down quark fields. A generalization of the scenario that correctly reproduces the measured
CKM mixing can be found in [27]. The gˆL and gˆR constants in Eq. (41) are flavour-universal
free parameters whose values remain in the perturbative regime gˆL,R < 1. In the following we
will identify gˆL = gˆR = gLR as required by LR symmetry.
4.2 The origin of Yukawa couplings
Consequently to the breaking of SU(2)L × SU(2)R, Eq. (4), the Lagrangian of the SL,R fields
becomes
L0S = ∂µSˆ†∂µSˆ − Sˆ†M2SSˆ, (42)
where Sˆ ≡ (SˆL, SˆR) and the square mass term is given by
M2S =
(
m2L ∆
∆ m2R
)
, (43)
with ∆ = 1
2
λvRvL parametrising the left-right scalar mixing. We have omitted here the U,D
indices of the messenger fields since they are not relevant for the purposes of the following
discussion. The full SU(6) flavour universality requires the terms appearing in Eq. (43) be
constant for each Sˆ
Ui,Di
L,R flavour component. Then, for each flavour, the M
2
S matrix in Eq. (43)
can be diagonalized by the unitary matrix
U =
(
cos θ sin θ
− sin θ cos θ
)
, (44)
with tan 2θ = 2∆
m2L−m2R
. The eigenvalues of the diagonal M2 diagS = UM
2
S U
† matrix are
m2± =
1
2
(
m2L +m
2
R ±
[
(m2L −m2R)2 + 4 ∆2
]1/2)
. (45)
Since we restrict our analysis to the symmetric LR scenario, we take here m2L = m
2
R = m¯
2 and
the U matrix elements consequently simplify to U(i, i) = 1/
√
2, U(1, 2) =−U(2, 1) = 1/√2,
yielding square-mass eigenvalues
m2± = m¯
2(1± ξ) , (46)
where the mixing parameter ξ is given by
ξ =
λvRvL
2m¯2
. (47)
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Notice that the notation used here for the mixing parameter as a function of the VEVs differs
from the corresponding one in [4] by a factor 1/2, due to a different parametrizations of the
VEVs.
We consider now the SM Yukawa coupling Yf of a generic fermion f to the left-handed
doublet HL. Since the masses of the messenger fields are quite large in this scenario (well
above the TeV scale for the quark sector), we can apply the results of effective field theory.
In particular, due to the Feynman diagrams in Fig.1, the following dimension 5 operator is
generated at 1-loop
Leff = 1
Λfeff
(ψ¯fLHL)(H
†
Rψ
f
R) + h.c. , (48)
where (ψfL)HL and (ψ
f
R)HR are the generic (fermions) Higgs doublets for the SU(2)L and
SU(2)R sectors respectively, and Λ
f
eff is the corresponding effective scale, which depends on the
flavour f of the fermion field ψf .
Then, after the SSB of SU(2)R gauge group, Yukawa couplings arise by replacing the HR
double with its VEV vR. Analogous results hold for the Yukawa couplings of HR and follows
by replacing HL with vL in Eq. (48). It is then clear that the Yukawa couplings of the HR in
this model are predicted to match the corresponding Yukawa couplings of the SM (LH) Higgs
times a rescaling factor of vL/vR.
The exact expression for Yf as a function of the mixing ξ is [27]
Yf =
(
g2LR
16pi2
)(
ξMQf
√
2
vL
)
f1(xf , ξ) , (49)
where MQf is the mass of the Qf associated dark-fermion, xf = M
2
Qf
/m¯2, and the loop function
f1(x, ξ) is given by [27]
f1(x, ξ) =
1
2
[
C0(
x
1− ξ )
1
1− ξ + C0(
x
1 + ξ
)
1
1 + ξ
]
. (50)
The basic scalar loop function C0(x) is given by
C0(x) =
1− x (1− log x)
(1− x)2 , (51)
where limx→1C0(x) = 1/2, and, for small x 1, C0(x) ' 1 +O(x). Notice that, for a given m¯
and dark-fermion mass MQf , all the Yukawa couplings must vanish with ξ → 0 since they are
proportional to vR.
We remark that in the setup presented above, all massive fermions are necessarily Dirac
fermions, including neutrinos. It is however possible to extend the proposed framework to
accomodate Majorana neutrinos, for instance by including massive Majorana fermion singlets
under the SU(2)L×SU(2)R×U(1)Y . Coupling these particles to the lepton and Higgs doublets
would then result, after the complete symmetry breaking, in Majorana masses for LH and RH
neutrinos.
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Figure 1: The diagrams responsible for the radiative generation of the Yukawa couplings of
up-type quarks (a) and down-type quarks. The dot on the external Higgs line signifies that the
field is set at its vacuum expectation value.
5 Phenomenological aspects
We discuss here several aspects of the phenomenology of the proposed framework.
5.1 Lower bound on vR
By using the relation which connects the SM Yukawa coupling Yf of a fermion f with its mass
mf , explicitly Yf =
√
2mf/vL, from Eq. (49) we obtain the following prediction for the generic
mass MQi of the dark fermion associated to the SM quark qi, as a function of the quark mass
mi [27]:
MQi = mi
(
16pi2
g2LR
)
1
ξf1(xi, ξ)
. (52)
Here xi = M
2
Qi
/m¯2 and ξ is the universal mixing parameter in the colored messenger sector. In
order to include the lowest order QCD corrections in Eq. (52), we replace the Yukawa couplings
of heavy quarks (or analogously the corresponding quark mass mi), as well as the gLR coupling
constant, with the corresponding running quantities evaluated at the characteristic energy scale
of the average messenger mass m¯. However, since the coupling constant gLR is in principle a
free parameter, we can always reabsorb the mentioned corrections into a redefinitions of these
couplings maintaining in Eq. (52) mi at the pole mass.
In order to avoid stable messengers, the lightest messenger mass m− must be larger than
the mass MQt of the heaviest dark fermion associated to the top-quark [4]:
m− ≥MQt , (53)
where the equality in Eq. (53) corresponds, for the rescaled variable xt, to the condition xt = 1−
ξ. Notice that the vacuum stability in the scalar sector requires ξ ≤ 1, in order to avoid tachions
in the spectrum that could induce color/charge–breaking minima through the generation of
non-vanishing VEV in the messenger scalar sector [4]. Furthermore, owing to the U(1)F gauge
invariance, Eq. (53) poses a sufficient condition to avoid the stability of all messenger fields.
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Gauge invariance and non-universality of the corresponding U(1)F charges guarantee instead
that dark fermions are stable particles. 1
Then, by using Eq. (53) in the top-quark case, it is possible to compute the lowest minimum
of m¯ as a function of ξ, which is given by [27]
m¯ ≥ mt
(
16pi2
g2LR
)
F (ξ) ≡ m¯min , (54)
where F (x) is
F (x) =
8x
√
1− x
2x+ (1− x)2 log (1−x
1+x
) , (55)
and where we replaced the function f1(xt, ξ) by its corresponding limit for xt → 1− ξ. In the
case of small arguments x 1, the formula above simplifies to F (x) ' 2/x+1/3+O(x), while,
for x ' 1, one obtains F (x) ' 4√1− x+O((1− x)3/2).
Then, by using the definition of the universal mixing parameter ξ in Eq. (47), the lower
bound on m¯ in Eq. (54) can be translated into the following lower bound on vR for fixed values
of ξ
vR ≥ 2m
2
t
λvL
(
16pi2
g2LR
)2
ξF (ξ)2 , (56)
while for arbitrary values of m¯ ≥ m¯min, we always have
vR <
2m¯2
λvL
, (57)
due to the stability bounds. In the case of small ξ  1, the lower bound in Eq. (56) can be
approximated as
vR >∼
8m2t
λvL
(
16pi2
g2LR
)2
1
ξ
, (58)
while for large ξ <∼ 1 it becomes
vR >∼
32m2t
λvL
(
16pi2
g2LR
)2
(1− ξ)ξ . (59)
The lowest minima of vR are then obtained for the largest values of the coupling constant
allowed by perturbation theory, λ <∼ 1.
1We remark that the heaviest dark fermions could still decay without breaking the U(1)F gauge invariance.
This mechanism requires the existence of new U(1)F charged dark-scalar fields coupled to dark-fermions and
messenger fields only. Remarkably, as suggested in[27], these new fields, when weakly coupled, can naturally
explain the correct CKM matrix pattern in this context, provided the U(1)F charges are multiple integers of
some unity charge.
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ξ vminR [TeV] M
min
WR
[TeV] m¯min[TeV] mmin− [TeV]
0.1 1581 169 554 526
0.2 799 85 279 249
0.3 529 56 185 155
0.5 293 31 107 75
0.7 164 17 67 37
0.8 110 12 52 23
0.9 57 6 35 11
0.95 30 3 25 6
Table 3: Minimum values allowed by vacuum stability and DM constraints, for the HR VEV
vminR , the WR mass M
min
WR
, the average messenger mass m¯min, and the lightest up-down universal
messenger mass eigenvalue mmin− = m¯
min
√
1− ξ, versus some values of the mixing parameter ξ.
Results are in unit of couplings, that is gLR = λ = 1.
In Table 3 we report the numerical values of the lowest minima of vR and WR mass, as a
function of ξ and in unity of couplings λ ∼ gLR = 1. In our computation we used for the SM
Higgs VEV the value of vL = 246 GeV and a top-quark pole mass mt = 173.2 GeV. Although,
in Eq. (59) the top-quark mass should be replaced by its value at the messenger mass scale,
we will still use its value at the mass pole and reabsorb the corresponding corrections into the
definition of the other free couplings, that we choose to be of order O(1).
The fact that the lower bound in Eq. (58) is increasing for ξ → 0 can be understood by
noticing that in the limit ξ → 0 the Yukawa couplings vanish. Hence, large values of vR are
needed to generate the top-quark Yukawa couplings in the small mixing ξ  1 regime.
5.2 Trilinear couplings and lower bound on the second Higgs mass
In a first approximation the two trilinear couplings between the LH and RH physical Higgs
fields are given by
µLRR := −λLR
4
vL =
λL
2
v3L
v2R
, µRLL := −λLR
4
vR =
λL
2
v2L
vR
, (60)
where we used the expression for λLR resulting from the minimisation conditions in Eq. (29).
Clearly the process hL → hRhR is then suppressed as (vL/vR)2 with respect to the specular
reaction hR → hLhL. Given the above estimate for the scale of vR, we therefore expect the
model to evade the bounds posed by the invisible decay of the SM-like Higgs boson in scenario,
should this channel be kinematically allowed.
As for the potential lower bound on the hR mass, notice that under the assumption gL =
gR = g, we have m
2
WL
/m2WR = v
2
L/v
2
R. The rough lower bound from collider searches mWR & 1
TeV then translates via Eq. (30) into bound√
λR
λL
& 10−2 , (61)
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which, in turn, yields the following relation for the Higgs masses valid at the lowest order of
the expansion in vL/vr
m2 & 10−1m1 ≈ 10 GeV , (62)
In the rightmost equality we have identified m1 with the SM Higgs boson mass.
5.3 The ρ parameter
Considering now the tree-level contribution to the ρ parameter, we can show that in the present
framework ρ = 1 up to corrections of order O((vL/vR)2). As usual we define
ρ :=
M2WL
M2ZL cos
2 θW
, (63)
and from the relations in Eq. (12) obtain
cos2 θW =
g′2 + g2
2g′2 + g2
, sin2 θW =
g′2
2g′2 + g2
, (64)
and
cos 2θW = cos
2 θW − sin2 θW = g
2
2g′2 + g2
. (65)
Then, by substituting Eq. (64), Eq. (6) and Eq. (9) into the ρ parameter definition in Eq. (63),
we obtain ρ = 1. Notice that whereas in the SM tan θSMW = g
′/g, here the corresponding
relation is given by
tan θW =
g′√
g′2 + g2
,
g′
g
=
sin θW√
cos 2θW
. (66)
The above relations are valid barring terms of order O((vL/vR)2), hence we expect corrections
to the ρ parameter to be of this order. Phenomenologically this is not a problem since these
corrections are completely negligible because of the upper bound on the ratio vL/vR ≈ 10−4
which holds in our scenario.
5.4 The strong CP violation problem
To conclude this section, we briefly comment on the strong CP problem within the present
framework. The strong CP problem arises in the SM from the necessary cancellation between
the θ parameter of QCD and the phase of the determinant of the product of quark mass matrices
θq [29],[30]. The first appears in the Lagrangian for the QCD gluon fields from the non trivial
vacuum configurations
LSM ⊃ θ g
2
S
32pi2
Tr
(
GµνG˜
µν
)
, (67)
with gS the QCD coupling, Gµν the QCD field strength and G˜µν = µναβG
αβ its dual. The
phase of the determinant of the product of quark mass matrices results, instead, from the U(1)
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phase of the global flavour symmetry underlying the SM structure2. These apparently unrelated
parameters are connected by the axial anomaly in a way that, consequently to a chiral rotation
of the quark fields of an angle ϕ/2 for which the chiral U(1) phase θq changes as θq → θq+ϕ, the
QCD θ parameter is also modified as θ → θ+ϕ. We can therefore perform a chiral rotation to
ensure that the phase of the quark mass matrix determinant vanish and consequently identify
the physical QCD θ parameter that regulates the strong CP violation in θ¯ = θ − θq. Since a
priori there is no reason to assume θq ' θ in the SM framework, the constraint imposed by the
measurements of the neutron electric dipole moment, θ¯ < 10−10, raises problems concerning
a strong fine tuning among two uncorrelated sources of CP violation. The usual solution to
the problem is the Peccei-Quinn mechanism [19]. This introduces a new U(1) global symmetry
that rotates away θ¯ and, eventually, is spontaneously broken yielding a light pseudo Nambu-
Goldstone boson in the theory: the axion [20, 21]. Interestingly, however, the fine-tuning
problem of strong CP violation can be straightforwardly solved within LR symmetric models
[17], [18] without invoking additional global symmetries.
Focusing for simplicity on one quark generation, after the symmetry breaking we normally
expect the presence in the the Lagrangian of terms as
L ⊃ eiθqmq q¯LqR + e−iθqmq q¯RqL, (68)
and it can easily be seen that the requirement of LR symmetry, under which qL ↔ qR, forces
unequivocally θq ≡ 0. As a consequence the smallness of the parameter θ¯ is here directly related
to the smallness of the orignal QCD θ parameter and the ansatz θ¯ = θ = 0 does not raise any
fine-tuning problem. This general argument shows that the problem of strong CP violation
arises from the violation of the parity symmetry. Once the latter is restored, as for instance
in LR symmetric extension of the SM, the measurement of CP violations in the strong sector
directly relate to the magnitude of the term in Eq. (67).
To see this aspect in more detail, consider the effective θ¯ parameter in the present framework
θ¯ = θ + arg[det (MUMD)] , (69)
where MU and MD are the quark mass matrices for up- and down-quark sectors respectively
3.
By diagonalising the quark mass matrices
diag[MU,D] = V
U,D †
L ·MU,D · V U,DR , (71)
we can see that
arg[det (MUMD)] = (α
U
R − αUL) + (αDR − αDL) , (72)
2For vanishing masses left-handed quark doublets and the right-handed up and down counterparts enjoy a
global U(3)3 symmetry. This allows at most for U(3) rotations of the involved fields, which can be decomposed
according to U(3) = U(1) × SU(3). The phase associated to this U(1) symmetry is θq, whereas the phases in
the SU(3) part are encoded in the Jarlskog invariant [31].
3Notice that the weak CP violations resides in the Jarlskog invariant J [31], which is proportional to the
imaginary part of the following commutator
J ∼ Im [det([MUM†U ,MDM†D])] . (70)
Therefore, if arg[det (MuMd)] = 0, one can still have J 6= 0, allowing for a non-vanishing contributions to the
weak CP violation.
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where V U,D †L,R are unitary matrices and α
U,D
L,R = arg det(V
U,D
L,R ). Therefore, the strong CP problem
is straightforwardly solved if the following conditions are simultaneously satisfied [18]
αUL = α
U
R , α
D
L = α
D
R . (73)
In order to show that this is indeed the case in our setup, we first need to generalize the
interacting Lagrangian in Eq. (41) to the flavour mixing effects encapsulated in the CKM
matrix. As explained in [27], this can be done by extending the Lagrangian of Eq. (41) to
LIMS ⊃ gˆL
(
N∑
i,j=1
[
q¯iL(X
U
L )ijQ
Uj
R
]
Sˆ
Uj
L +
N∑
i,j=1
[
q¯iL(X
D
L )ijQ
Dj
R
]
Sˆ
Dj
L
)
+ gˆR
(
N∑
i,j=1
[
q¯iR(X
U
R )ijQ
Uj
L
]
Sˆ
Uj
R +
N∑
i,j=1
[
q¯iR(X
D
L )ijQ
Dj
L
]
Sˆ
Dj
R
)
(74)
where XU,DL,R are generic matrices. Notice that the U(1)F gauge invariance and non-universality
of U(1)F charges require the family index that label dark fermions and scalar messengers to
be the same. Then, in the weak-current basis of quark fields, the Yukawa couplings generated
radiatively follow the pattern
Y U,Dij ∼
(
XU,D †L · Yˆ U,D ·XU,DR
)
ij
, (75)
where the · symbol stands for a matrix product, Yˆ U,D = diag[Y U,D1 , Y U,D2 , Y U,D3 ], and Y U,Di
(i = 1, 2, 3) are the Yukawa couplings of the diagonal case in Eq. (49) for the up and down sectors
respectively. The observed structure of the CKM matrix forces the XU,DL,R to be proportional to
the unity matrix 1 in the family space barring suppressed off-diagonal entries [27]:
XU,DL,R ∼ 1 + ∆U,DL,R , (76)
being |∆U,DL,R |ij  1. We remark that Eq. (76) clearly shows that the matrices XU,DL,R are in
general not unitary and, in particular, do not result from a basis rotation4.
Imposing the LR symmetry on the Lagrangian in Eq. (74) then yields
gˆL = gˆR , X
U,D
L = X
U,D
R ≡ XU,D . (77)
and consequently, owing to the LR symmetry, the Yukawa matrices in Eq. (75), as well as the
corresponding quark matrices MU,D, are necessarily hermitian matrices:
Y U,Dij ∼
(
XU,D † · Yˆ U,D ·XU,D
)
ij
. (78)
The diagonalizations of Y U,D, or equivalently of the MU,D mass matrices, then involve only two
unitary hermitian matrices V U ≡ V UL = V UR and V D ≡ V DL = V DR , that respectively operate on
the up- and down-quark fields respectively, and the condition in Eq. (73) is therefore trivially
satisfied.
4For the mechanism that can generate the required hierarchy in the off-diagonal terms |∆U,DL,R | see [27].
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6 Discussion and Conclusions
Left-right symmetric models are amongst the very first extensions of the SM which were pro-
posed and, therefore, have been thoroughly scrutinised in time. The main motivation support-
ing the SU(2)L × SU(2)R × U(1)B−L gauge group lies in the magnitude of parity violation
observed in weak interactions, which in the left-right symmetric framework is explained by the
largeness of the right-handed symmetry breaking scale. Other virtues of the left-right sym-
metric framework include, for instance, a possible solution to the strong CP-problem and the
explanation of the SM hypercharge quantum numbers in terms of baryonic and leptonic charges.
In this work we yet proposed a new reason to adopt the left-right symmetry that, to our
knowledge, has not been considered before. Under the assumption that the SM Yukawa cou-
plings are effective low-energy quantities, we investigated a left-right symmetric framework
characterised by the simplest scalar content able to explain the large hierarchy between the left
and the right symmetry breaking scales. Our construction presents one left-handed and one
right-handed Higgs doublets, and insures the radiative origin of Yukawa couplings by forbidding
the presence of Higgs fields in the bidoublet representation of the gauge group.
In order to assess the viability of the proposed setup, in this paper we investigated the
properties of the gauge and Higgs bosons of the theory, assessing also their impact on the
electroweak precision observables. In this regard, we find that the considered electroweak
observables receive corrections of order O(v2L/v2R), being vL and vR the vacuum expectation
values of the corresponding Higgs doublets. Given that the current collider bounds on additional
gauge bosons force here the right-handed symmetry breaking scale to be large, we find that
the mentioned constraints are negligible. Interestingly, the hierarchy of the scales vL  vR, is
imputable in our frame to the smallness of the portal coupling λLR between the two sectors. We
also find that in spite of the lower bound on vR, small mass values for the right-handed Higgs
doublet are not forbidden owing to a suppressed scalar self-coupling. Given that the SU(2)R
gauge bosons are expected to be heavy in this scenario, this feature potentially allows for tests
of the framework at the LHC and future collider experiments.
Clearly, in order to comply with the experimental results, our framework must also reproduce
the observed SM Yukawa couplings. For the chosen setup of the Higgs sector, these quantities
are necessarily generated at the loop level after the spontaneous symmetry breaking of the
symmetry in the right-handed sector of the theory. A distinctive feature of our scenarion is
that the necessary chiral symmetry breaking that sources the low-energy generation of Yukawa
couplings is provided by a hidden sector of the theory. In the example we discussed, chiral
symmetry breaking arises from the masses of dark fermions, the lightest of which plays the role
of Dark Matter candidate. The chiral symmetry breaking is then transferred to the Standard
Model by a set of scalar messangers at the loop level and, owing to non-perturbative dynamics
in the hidden sector, this framework can give rise to the observed spread of Standard Model
fermion masses in a natural way.
In spite of the adopted setup for the Higgs sector, we find in our investigation that our
scenario straightforwardly solves the strong CP problem. The underlying left-right symmetry
enforces in fact the cancellation of phases that would otherwise result in a sizeable QCD θ
parameter through the chiral anomaly. As typical in left-right models, the hypercharge gauge
group can be furthermore identified here with B − L.
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It is instructive to compare our results with the attempts of radiative Yukawa generation
made within supersymmetric models, in which the loop-level Yukawa couplings are induced by
soft supersymmetry breaking parameters as the A-terms and the squark masses. Because the
naturalness of supersymmetric models requires the latter to be less than O(1) TeV, only the
Yukawa couplings of the first two Standard Model generation can be radiatively generated. The
top and bottom quarks must instead obtain their masses at tree level. On the contrary, in our
case, the Yukawa couplings of all the Standard Model fermions can be generated radiatively
due to the large right-handed breaking scale. Notice also that no tuning of massive parameters
is needed in our model to explain the smallness of the electroweak scale compared with the
right-handed breaking scale. To conclude, we believe that the proposed left-right symmetric
framework characterised by the simplest viable Higgs sector provides a fruitful working ground
to address the SM flavour issues in the phenomenologically testable way.
Appendix: examples of hidden sector dynamics
In this Appendix we sketch potential hidden sectors in the framework of [4] that result in
hierarchical effective Yukawa couplings for the SM fermions.
Our previous discussion made clear that the masses of the dark fermions in the hidden
sector supply the chirality violation necessary for the SM Yukawa coupling generation. As
a consequence, provided that the messenger sector has a flovour-blind structure, the Yukawa
couplings emerging from the hidden sector dynamics are necessarily proportional to the dark
fermion masses. The hierarchy observed in the former is then imputable to the spread of the
latter, and the problem of the SM flavour hierarchy is solved in presence of a mechanism that
gives rise to the required hierarchical dark fermion mass spectrum.
A) Hierarchy from higher derivatives
In [4], the mechanism behind the dark fermions mass spectrum generation is based on non-
perturbative dynamics inspired by the Nambu-Jona-Lasinio approach. More in detail, the
hidden sector comprises dark fermions characterised by non-universal charges associated to a
new U(1)F local gauge symmetry, under which the SM fields are all singlets. The Lagrangian
for the dark fermions and the dark photon of the U(1)F gauge group is given by, [4]
LDS = i
∑
i
(
Q¯UiDµγµQUi + Q¯DiDµγµQDi
)
− 1
4
FµνF
µν +
1
2Λ2
∂µFµα∂νF
να, (79)
where QUi , QDi are the dark fermion fields, partners in the hidden sector of the SM up (Ui)
and down (Di) quarks. We indicated with Dµ = ∂µ + igQˆA¯µ the covariant derivative involving
the dark-photon A¯µ with associated field strength tensor Fµα, whereas Qˆ is the charge operator
acting on the dark fermion fields. The Lagrangian LDS can be extended to include also the SM
leptonic sector in a straightforward way.
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Differently from the traditional QED Lagrangian, LDS presents a pure U(1)F gauge term
which contains higher-derivatives, the so-called Lee-Wick term, hence the scale Λ can be in-
terpreted as the mass of the associated ghost field. As shown in [23], this term is crucial for
triggering the required chiral symmetry breaking in a weak coupling regime. In fact, by solving
the mass-gap equation in the Nambu-Jona-Lasinio [24] approach, the presence of such term
ensures the existence of a non-trivial solution for the dark fermion mass spectrum on the true
vacuum, given by [23]
MQi = Λ exp
{
− 2pi
3 α¯(Λ)q2i
+
1
4
}
, (80)
where qi is the U(1)F charge of the considered dark fermion and α¯(Λ) is the corresponding fine
structure constant evaluated at the Λ energy scale associated to the ghost field. The solution
is manifestly non-perturbative, as testified by the dependence of MQi on α¯, and can give rise
to an exponentially spread dark fermion mass spectrum provided that the latter have different
U(1)F charges.
By assuming that the messenger sector is flavour-blind, the only source of flavour violation
comes from the U(1)F charges. As a consequence, it is possible to relate the ratios of SM quark
masses to the α¯(Λ) and U(1)F charges of the corresponding dark fermions. In particular, if
we define α¯(Λ) by normalizing to 1 the largest U(1)F charge, associated to the dark-fermion
partner of the top quark, according to Eqs.(52) and (80), we obtain the following mass sum
rule
α¯(Λ)−1 ' 3
2pi
q2Qi
1− q2Qi
log
mt
mi
, (81)
where mt is the top-quark mass, mi is the mass of a generic SM quark Qi and qQi is the U(1)F
charge of the dark fermion partner of Qi. In deriving the above relation we have used the
property that the loop function f1(xi, ξ), as defined in Eq.(50) with xi = M
2
Qi
/m¯2, depends
weakly on the dark-fermion mass MQi , hence it can be approximated as a constant and ratios
of masses cancel out. A generalization of Eq.(50) to lepton masses is straightforward.
By fixing the ratio of two qQi charges in Eq.(81), we can then predict α¯(Λ), as well as all the
remaining U(1)F charges. For instance, by setting the ratio qD3/qU3 = 0.9 and by normalizing
qU3 = 1, from Eq.(81) we obtains α¯(Λ) ' 0.14. Reproducing larger splitting for the charges
would require larger values of α¯. Once α¯ is known, we can arrange the remaining U(1)F charges
of the dark fermion in a way that the masses of the corresponding SM quarks and lepton match
the measured values 5. As an example, using α¯(Λ) = 0.14 obtained for qU3 = 1 and qD3 = 0.9, we
report in table 6 the U(1)F charges yielding the central values of heavy quarks (top, bottom, and
charm) pole masses, as well as the central values of the remaining quark masses, as computed
in the MS scheme evaluated at a renormalization scale µ = 2 GeV [32].
Repeating the exercise for the SM leptons, we obtain the results in Table 6. In this cal-
culation we set qE3 = 1 and considered a reference neutrino hierarchy given by mN1 = 1 eV,
mN2 = 10
−3 eV, and mN3 = 10
−6 eV. Notice that for both the cases of quarks and leptons,
5Notice that in Eq(81) one should actually use the running quark masses evaluated at the messenger mass
scale, although for simplicity we will approximate them here with the corresponding quark mass poles.
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the value of the charges are such that the theory remains well within the boundaries of a
weakly-coupled regime.
ψ: U2 D2 U1 D1
qψ 0.88 0.82 0.77 0.76
Table 4: Values of the U(1)F dark fermion charges resulting in the observed SM quark mass
hierarchy for α¯(Λ) = 0.14, qU3 = 1 and qD3 = 0.9. The first line indicates the associated SM
quark field and the second line the U(1)F charge of the corresponding dark fermion partner.
ψ: E2 E1 N3 N2 N1
qψ 0.92 0.81 0.65 0.59 0.55
Table 5: Values of the U(1)F dark fermion charges resulting in the observed SM lepton mass
hierarchy, obtained with the normalization choice qE3 = 1 and a reference neutrino hierarchy
given by mN1 = 1 eV, mN2 = 10
−3 eV, and mN3 = 10
−6 eV. The first line indicates the
associated SM lepton field and the second line the U(1)F charge of the corresponding dark
fermion partner.
B) The possible role of strongly coupled dynamics
The hidden sector proposed in [4] can embed another possible mechanism to achieve the required
spread of the dark fermion masses. Consider the following Lagrangian
L′DS = iψ¯Dµγµψ −
1
4
FµνF
µν , (82)
where for simplicity we focused on one massless dark fermion field ψ and here Dµ = ∂µ + iqψA¯µ
the covariant derivative involving the dark-photon A¯µ. As before Fµα is the relative field
strength tensor. Although the above Lagrangian matches the one of ordinary QED for massless
fermions, we can employ non perturbative effect arising in the strongly coupled regime of the
theory to generate a dynamical mass for the dark fermion. More in detail, for supercritical
values of the dark fine-structure constant α = q2ψ/4pi > αc = pi/3, solving the gap equation for
the dark fermion mass mψ yields a non-trivial solution, which exhibits an exponential scaling
behavior (Miransky scaling) [33, 34]
mψ ≈ 4Λc e
−
piαc√
α− αc . (83)
Notice that differently from the case of QED with higher derivative terms discussed before, the
scale Λc emerges spontaneously from the theory and is associated to the energy scale at which
the present theory is dominated by strongly coupled dynamics.
Extending the above model to the full particle content of the hidden sector, it is then
conceivable that the required dark fermion mass spectrum could be achieved by arranging the
charges of the latter maintaining the theory in a supercritical regime.
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